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ABSTRACT

Author: Norley, Jake R. MS
Institution: Purdue University
Degree Received: August 2018
Title: Improving FRET Relay Mechanism for Redox Dynamics in Live Cells
Committee Chair: Mathew Tantama
Reactive oxygen species (ROS) have an important role with regards to intracellular
signaling throughout the body. Levels of ROS fluctuate dynamically with differing sources
of ROS as well as antioxidant mechanisms to regulate oxidative stress, cell to cell signaling,
and cellular metabolism. In many cases, localized redox dynamics have not been elucidated
due to a lack of tools available to study oxidative fluctuations localized to different
compartments of ROS generation within cells. Previously, our lab reported the
development of a new family of genetically encoded fluorescent protein redox biosensors.
They utilize the ratiometric properties of roGFP2 and extend its fluorescence emission via
Förester Resonance Energy Transfer (FRET) relay to an acceptor red fluorescent protein
to enable dual-color imaging for live-cell microscopy. Here, a second generation of these
proteins has been developed that has an increased FRET relay efficiency, obtained through
decreasing the size of the linker length between the donor and acceptor fluorescent proteins.
We characterized the redox and optical properties of the purified sensors, and expressed
them into bacterial and mammalian cells to better understand the role of ROS within
cellular signaling and metabolism.
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REDOX PROBE OPTIMIZATION THROUGH
SHORTENING FLUORESCENT PROTEIN LINKER LENGTH

1.1

Introduction
Normal, healthy cellular function is heavily mediated by reduction-oxidation

(redox) reactions in all compartments throughout the cell.1-3. An important subset of the
molecules involved in these processes are reactive oxygen species (ROS), which typically
play a role in signaling and metabolism through oxidizing cysteine amino acids in proteins
or other molecular species4. However, whenever the redox environment is imbalanced,
cells experience oxidative stress and become damaged eventually leading to loss of
function and apoptosis. The imbalance of this redox network has been linked to
cardiovascular disease, cancer, and neurodegenerative diseases5-8. Unfortunately, redox
signaling within different cellular compartments has been poorly studied due to the lack of
appropriate redox sensors available for quantifying redox environments within different
parts of the cell at the same time.
However, due to new technological innovations like super resolution microscopy
(SRM) techniques, it is possible to obtain images at resolutions that go beyond the barrier
set by light diffraction9. These exciting scientific discoveries have a myriad of potential
applications for elucidating the currently unknown biological mechanisms to study cellular
and pathological processes relevant to oxidative stress. To improve upon the ability to
resolve variables like oxidative stress with real-time live-cell images, there is an everincreasing need for improved and specific fluorescent probes like genetically encoded
fluorescent biosensors.
Here we discuss the optimization of a previously developed genetically encoded
fluorescent protein biosensor10 that specifically detects reactive oxygen species (ROS)
through utilizing the ratiometric properties of reduction-oxidation sensitive green
fluorescent protein (roGFP2) and a FRET relay mechanism with a red fluorescent protein
(RFP). roGFP2 is a modified version of the green fluorescent protein isolated from the
Aequorea Victoria species of jellyfish that has been engineered to exhibit two mutated
cysteine residues (S147C and Q204C) on the exterior of the beta-barrel that upon oxidation,
structurally alters the internal protonation state of chromophore allowing for a variable
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excitation spectrum readout11. For this fluorescent protein, there exist two excitation
wavelengths at 400 and 490 nm, with the 490 nm peak being the most intense. As the two
cysteine residues become reduced, the disulfide bridge between the amino acids is broken,
altering the properties of the chromophore’s excitation with the 400 nm peak drastically
decreasing and the 490 nm peak intensity increasing significantly. This unique excitation
property allows for dynamic redox sensing within cells by analyzing the ratio of the
400/490 nm excitation peaks. This avoids the confound of variable expression levels of the
genetically encoded biosensor by comparing the ratio of these two unique signals within
the same protein.
Unfortunately, the emission wavelength for roGFP2 (525 nm) falls outside of the
optical window that is ideal for deep tissue fluorescence imaging. This window of 6001000 nm avoids auto fluorescence from endogenous species such as oxygenated
hemoglobin, riboflavin, and NADPH within living cells12. This autofluorescence produces
significant background light during fluorescence measurements, making it difficult or even
impossible to detect fluorescent reporters outside the window. In contrast, RFPs have
emission wavelengths that are within this optical window. Within the last few years, others
have created genetically encoded red fluorescent redox sensors, HyPerRed13 and rxRFP14,
that can be utilized for multi-color and multi-compartment live cell microscopy15. However,
these sensors report redox activity intensiometrically, which is problematic due to varying
expression levels and differing cellular conditions. This hinders quantitative analysis as
well as the ability to compare data across independent experiments.
We have previously engineered differing RFPs (mCherry, mApple, and mRuby2) to
either the N- or C- terminus of roGFP2 to employ a FRET relay, shifting the green emission
of roGFP2 towards a red emission specific to the linked RFP (610, 592, and 600
respectively). FRET efficiency (E) has been modeled by the equation E = 1/(1+r/RO)6
where r is the distance between two chromophores and RO is the Förster distance, or the
distance at 50% FRET efficiency16. Our rationale to increase this efficiency was to decrease
the linker length by deleting amino acids from both termini of the fluorescent proteins that
were structurally ‘floppy’ and not present in the crystal structures (PDB ID: 1JC1 and
2H5Q). Computer modeling was utilized to determine viable linker length mutations, by
removing the amino acids adjacent the glycine-glycine linker for optimal FRET distance
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and orientation (Table 1.1). Based on this theory, these mutations will increase FRET
efficiency due to the reduction in distance between the donor and acceptor chromophores.
Multiple-versions of the sensor with varied linker length were cloned and expressed in
bacterial cells. The mApple-0GG4-roGFP2 and roGFP2-0GG3-mApple sensors were the
best performing, increasing the FRET efficiency and redox dynamics by nearly 10 percent.

1.2

Results
FRET Theory dictates that, when a donor chromophore is excited and is in close

enough proximity to an acceptor chromophore that has sufficient spectral overlap, the
energy will be transferred and the acceptor chromophore will subsequently emit a
fluorescent photon. The efficiency of this energy transfer is dependent upon the orientation
of the two chromophores and the distance between the two molecules16. The following data
suggests that we improved upon this mechanism from our previous generation of ROS
FRET sensors.
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Table 1.1: Design for Linker Length Optimization

*Denotes previous version or first generation of the sensor10
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Figure 1.1. Plan for linker length optimization from first generation sensors.
a.) Schematic for N- and C- terminal linker length optimization b.) Image of roGFP2
and mApple portraying FRET

1.2.1

Redox Dynamics
With altering the linker length for the 2nd generation FRET-relay ROS sensors, we

needed to test that the redox sensing capabilities were not altered through steric hindrance
of the roGFP2 cysteine residues. To achieve this, all 26 variants were treated with excess
of 10 mM oxidized and reduced DTT and steady-state fluorescent spectra was measured.
All linker mutations conserved the ratiometric oxidative properties of roGFP2 as observed
at both green and red emission wavelengths within the excitation spectra. In our analysis,
we quantified the ability to detect oxidizing or reducing environments through comparing
the 400 nm and 490 nm fluorescence excitation spectrum peaks under extreme oxidizing
or reducing conditions under both the red and green emission channels. Utilizing the
equation below, the dynamic range was calculated, taking the ratio of the fully oxidized
400/490 peaks divided by that of the fully reduced condition.
400𝑛𝑚
𝑂𝑥𝑖𝑑𝑖𝑧𝑒𝑑
𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑅𝑎𝑛𝑔𝑒 = 490𝑛𝑚
400𝑛𝑚
490𝑛𝑚 𝑅𝑒𝑑𝑢𝑐𝑒𝑑
It was observed that the redox dynamic range was increased to 5.63 from 4.86
within generations (roGFP2-0GG3-mApple compared to mRuby2-L7-roGFP2). This is
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still approximately a 30 percent attenuation from the parent roGFP2’s dynamic range, but
is a significant improvement from the previous generation of sensors.
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Ratio of Ratios, 400nm/490nm of Ox/Red
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Figure 1.2 Redox Dynamics
a.) Steady-state fluorescence of roGFP2-0GG3-mApple under extreme oxidizing and
reducing (10 mM DTTox and DTT respectively) conditions b.) Graph of redox dynamic
range in both the red and green emission wavelengths for best performing sensors c.) Redox
titrations of roGFP2 (right) and roGFP2-0GG3-mApple (left)
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Figure 1.2 continued

1.2.2

Lifetime Decay and FRET efficiency
All 26 sensors were screened through analyzing their emission spectra from steady-

state fluorescent measurements. From the steady-state measurements of our best sensor, it
appears that the emission spectra at the 400-excitation wavelength gives a readout of
approximately 60 % red emission when compared to the roGFP2 peak (Figure 1.1). The
steady-state fluorescence measurement is an apparent two-fold increase from the same
measurements of the first-generation sensors. Although these results were promising, this
is not the most accurate quantitation of FRET efficiency due to the spectral overlap creating
donor emission contamination into the acceptor channel17. Time-resolved fluorescence
lifetime measurements of each sensor were taken. To obtain a more accurate FRET
measurement, lifetime decays of the donor fluorescent proteins fused with their respective
RFP in solution, were compared to the same measurement of roGFP2 alone (Lifetime
decay: 2.99 ns). We observed a decreased lifetime from 2.24 nanoseconds (mApple-L2roGFP2) to 1.96 nanoseconds (roGFP2-0GG3-mApple) when comparing the best variants
of both generations.
It has been reported that analyzing the lifetime decay of the donor fluorophore in
comparison to a control of the independent fluorophore is much less error prone for
determination of FRET efficiency17. To most effectively determine this value, we utilized
the following equation:
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FRET efficiency (E) = 1 −

𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑜𝑓 𝑑𝑜𝑛𝑜𝑟 𝑖𝑛 𝑝𝑟𝑒𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟
𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑜𝑓 𝑑𝑜𝑛𝑜𝑟 𝑎𝑙𝑜𝑛𝑒

After analysis, an increase of 9.33 percent in our efficiency for roGFP2-0GG3-mApple
was observed when compared to mApple-L2-roGFP2, to a final FRET efficiency of 34.24
percent for roGFP2-0GG3-mApple according to lifetime decay, compared to 24.9 for the
best first-generation sensor, mApple-L2-roGFP2. Through this type of analysis, we
identified 14 second-generation ROS FRET biosensors exhibited increased FRET
efficiency from the best performing first-generation ROS FRET biosensor, with all sensors
exhibiting significant continual FRET (Table 1.2).
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Figure 1.3-Time resolved fluorescence measurements
a.) Lifetime decays of best performing sensors with different RFP acceptors b.) Graph
comparing FRET efficiencies for best performers and original first-generation
sensors
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Table 1.2 Redox Dynamic range and FRET efficiencies
Lifetime (sec) Std. Dev.
roGFP2
roGFP2-L2-mCherry
roGFP2-L7-mCherry
mCherry-L2-roGFP2
mApple-L2-roGFP2
roGFP2-L2-mApple
roGFP2-L7-mApple
mRuby2-L7-roGFP2
Cherry-0GG4-roGFP2
mApple-0GG0-roGFP2
mApple-0GG4-roGFP2
mRuby2-0GG0-roGFP2
mRuby2-0GG4-roGFP2
mRuby2-4GG0-roGFP2
mRuby2-4GG4-roGFP2
roGFP2-0GG0-mCherry
roGFP2-0GG3-mCherry
roGFP2-0GG7-mCherry
roGFP2-4GG0-mCherry
roGFP2-4GG3-mCherry
roGFP2-4GG7-mCherry
roGFP2-0GG0-mApple
roGFP2-0GG3-mApple
roGFP2-0GG7-mApple
roGFP2-4GG0-mApple
roGFP2-4GG3-mApple
roGFP2-4GG7-mApple
roGFP2-0GG0-mRuby2
roGFP2-0GG2-mRuby2
roGFP-4GG0-mRuby2
roGFP2-4GG2-mRuby2
roGFP2-4GG6-mRuby2
roGFP2-0GG2-mRuby2
mCherry-0GG0-roGFP2

2.99E-09
2.4E-09
2.29E-09
2.29E-09
2.24E-09
2.37E-09
2.37E-09
2.45E-09
2.18E-09
2.08E-09
2.07E-09
2.48E-09
2.21E-09
2.53E-09
2.48E-09
2.08E-09
2.17E-09
2.44E-09
2.07E-09
2.15E-09
2.3E-09
2.16E-09
1.96E-09
2.13E-09
2.18E-09
2.15E-09
2.21E-09
2.33E-09
2.35E-09
2.33E-09
2.25E-09
2.41E-09
Cleavage
Cleavage

FRET eff

4.21E-11 -8.83E-12
0.196185
5.83E-12
0.23128
5E-11
0.233915
1.21E-11
0.249584
5.45E-11
0.205062
1.53E-11
0.206585
4.1E-11
0.178651
1.77E-11
0.269648
1.56E-11
0.303546
6.87E-12
0.308109
1.41E-11
0.168829
7.42E-12
0.258369
1.65E-11
0.154078
7.23E-12
0.169946
8.03E-11
0.301612
1.16E-10
0.273466
8.71E-11
0.183624
7.82E-11
0.306707
1.02E-10
0.279306
9.46E-11
0.228206
3.76E-11
0.275917
1.94E-11
0.342362
1.3E-11
0.286066
3.66E-11
0.270522
4.86E-11
0.280892
1.06E-10
0.259844
4.33E-11
0.220659
5.08E-11
0.211626
1.12E-10
0.218675
8.63E-13
0.245525
2.1E-11
0.191807
Cleavage
Cleavage
Cleavage
Cleavage

Ratio (ox)/
Ratio (red)
8.07
-4.456
---3.66
4.86
5.592067
4.302417
4.181899
4.713445
5.242455
4.525926
5.74907
2.864913
3.020799
3.019749
2.699208
3.145106
3.017575
4.577648
5.628551
2.729898
2.980899
3.356542
3.047181
4.23672
1.885139
2.592284
2.998205
4.58571
Cleavage
Cleavage
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1.3

Discussion
Our design to improve our FRET relay ROS biosensor, decreases the distance

between the two fluorescent proteins by removing flexible amino acids adjacent to the
glycine-glycine residue linker. Computer modeling was utilized to identify flexible ends of
each fluorescent protein that could be ‘cut’ into as well as to determine which deletions
would lead to an overall decreased distance between chromophores18.
To expand upon our previous design, we constructed a library consisting of 26
different variants of the previously made fusions. Our strategy was to specifically target
the variable of distance within the FRET equation. It is also important to consider the
potential of altering the orientation, which could subsequently affect the redox dynamics
through steric hindrance of the normal ratiometric oxidation mechanism that occurs on the
exterior of the roGFP2 beta-barrel11. We are also interested in exploring different spectral
overlap dynamics, so we created mutations with mCherry, mApple, and mRuby2 as the
acceptor red fluorescent protein at both N- and C- Termini of the second-generation ROS
FRET biosensors. As described previously10, this ROS FRET sensor employs a FRET relay
mechanism that when exciting at any wavelength specific to roGFP2, a red fluorescent
readout will be present without altering the ratiometric redox sensing properties. In the
model of our sensor design, FRET is intended to perpetually exist, therefore maintaining
the unique characteristics of roGFP2 while achieving signal that avoids endogenous
autofluorescence.
In our previous generation of the ROS FRET biosensor we reported approximately
thirty percent FRET efficiency when analyzing purified protein on a custom-built
microscope with a pulsed diode laser. Even with this exceedingly proficient
instrumentation, substantial amounts of residual green fluorescence from the donor was
prevalent. Our goal with the second generation of sensors was to increase the red emission
output, working towards a significant increase in FRET efficiency. In our time-resolved
characterization we utilized our FS5 Spectrophotometer from Edinburgh and found that we
increased our efficiency by 9.33 percent when compared on the same instrumentation, to a
final FRET efficiency of 34.24 percent for roGFP2-0GG3-mApple according to lifetime
decay, compared to 24.9 for the best first-generation sensor, mApple-L2-roGFP2.
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1.4

Methods
MATERIALS: All chemicals, cells, and media reagents were purchased from Qiagen,

ThermoFisher Scientific, Sigma, and Formedium.

1.4.1

Molecular Biology
As previously reported10, standard molecular biology, bacterial cell protein

expression, and nickel affinity purification protocols were performed. To improve the
FRET dynamic of the sensor, various amino acids were eliminated through mutagenesis to
decrease the linker length between the roGFP2 and RFP (mCherry, mApple, or mRuby2).
The hexahistidine-tagged protein sensors were expressed in the pRSETB bacterial
expression vector. For mammalian expression, sensors without the hexahistadine tag were
expressed in GW1 vector with and without four copies of the COX8 mitochondrial signal
sequence to target the sensor to the mitochondrial membrane (with) or the cytosol (without).
Template plasmid constructs expand upon those made previously in the lab, with the
original plasmids distributed via Addgene.

1.4.2

Protein Expression and Purification
Twenty-six variants of the ROS FRET sensors, with differing linker lengths and

RFPs, were expressed in Escherichia coli BL21 (DE3) cells in auto-induction media (AIM)
with 100 μg/ml carbenicillin for twelve to sixteen hours at 37οC and then twenty-four to
forty-eight hours at room temperature. Bacterial cell cultures were shaken then entire time
in baffled flasks to ensure proper oxygenation and chromophore maturation. After
incubation, cells were lysed utilizing lysis buffer (binding buffer, lysozyme, Triton-X, and
PMSF), three freeze-thaw iterations, and sonification. Bacterial cells were pelleted at
10,000 x g for thirty minutes at 4οC and the supernatant was loaded into the injection loop
of a GE AKTAprime plus system for nickel affinity chromatography using a HiTrapTM
Chelating HP column, per manufacturer’s instructions. Protein fractions determined
through the UV-LC AKTA system, were collected and tested for fluorescence on a Biotek
Plate Reader before desalting with a Slide-A-Lyzer cassette at 4οC in 1x storage buffer
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overnight and 1x storage buffer with 5 % glycerol for 4 hours. Protein concentration was
determined through chromophore denaturation with 2.5M NaOH. The best performing
sensor was further purified on a size-exclusion chromatography (SEC) column.

1.4.3

Protein Characterization
For all steady-state spectroscopy experiments, Ni-NTA purified protein was diluted

to 1 μM concentration in 75 mM HEPES, 125 mM KCl, 1 mM EDTA, pH 7.0−7.3. The
diluting solution was degassed under vacuum and bubbled with argon gas. All protein was
incubated for 1 hour with 10 mM reduced or oxidized DTT before taking spectral scans on
a Biotek plate reader. Redox titrations were conducted at a constant 10 mM DTT
concentration with varying ratios of oxidized to reduced conditions. For the best
performing sensor, the protein was SEC purified and the midpoint potential was determined
as previously described2 through fitting titration data to a Boltzmann equation
Fluorescent lifetime measurements were made on an Edinburgh FS5
Spectrofluorometer exciting at the isosbestic point (447 nm) for roGFP2. Oxidized protein
samples of approximately 1 μM concentration were analyzed by collecting roGFP2 donor
emissions (as well as RFP acceptor emissions) that were compared to lifetime
measurements for roGFP2 alone. The empirical lifetimes were determined by the photon
decays and the FRET efficiency was calculated as

1.4.4

1− 𝜏 𝑟𝑜𝐺𝐹𝑃2:𝑅𝐹𝑃
𝜏 𝑟𝑜𝐺𝐹𝑃2

.

In vivo Experiments
BL21 bacterial cells expressing the fluorescent biosensor were spun down, washed,

and resuspended in M9 imaging media. 100 μL of cells at 0.6 OD were analyzed on a
Biotek plate reader and exhibited all the characteristic excitation/emission readouts of the
purified protein. HEK293 cells and primary hippocampal neurons were also transfected
with the GW1 vector containing the biosensor using a calcium phosphate transfection.
Cells were imaged on a 12 well-glass bottomed plate on an Olympus IX83 Microscope.
Analysis and experiments on these types of cells are still in progress.
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1.5

Future Work
In collaboration with Libai Huang’s lab at Purdue, we decided to analyze the new

sensor’s FRET dynamics under 2-photon microscopy utilizing their custom-built laser
microscopy setup. To validate these results, we took control measurement of mApple,
roGFP2, and a mApple and roGFP2 mixture of protein in addition to the 2-photon
measurements of the roGFP2-0GG3-mApple sensor. This needs to be followed up with 2photon lifetime studies to ensure that the signal we are seeing here is accurate. This is a
potentially exciting discovery as 2-photon imaging experiments within tissue samples are
advantageous for locale specific fluorescent imaging. This would allow for analyzing
oxidative stress within live tissue sample including areas that are difficult to image such as
the midbrain.
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Figure 1.4: Steady State 2-Photon Lifetime Measurements
Top: Oxidized (left) and Reduced (right) Emission spectra with different 2-photon
excitation wavelengths. Bottom: mApple and roGFP2 emission spectra with different 2photon excitation wavelengths
For our third-generation design of the ROS FRET sensor we are considering
optimizing the orientation variable within the FRET equation by locking in orientation
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utilizing naturally dimerizing mutations and/or a leucine zipper technique that have both
been previously reported19,20. By locking in the orientation there should be fewer available
conformations of the sensor, allowing for a more consistent FRET relay that can be
predicted more accurately. High resolution images or crystal structures of the resulting
third generation protein should allow for insights into the mechanism of FRET between
two chromophores and will elucidate surrounding amino acids contribution to the transfer
of energy.
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CREATING REACTIVE OXYGEN SPECIES
SPECIFICTY THROUGH THE ADDITION OF ORP1- AND
GRX1- PROTEINS TO BIOSENSOR

2.1

Introduction
Although it is a great advancement to be able to ratiometrically detect reactive

oxygen species in a red emission wavelength, there are multiple different reactive oxygen
species that may have differing implications within the metabolism of live cells. To create
specificity for our sensor we have engineered the Grx1- and Orp1- proteins, to sense
glutathione and hydrogen peroxide respectively, adjacent to the roGFP2 which has been
proven to provide the desired specificity when solely in conjunction with roGFP221,22. We
are currently characterizing our sensors conjugated with these two proteins and are cloning
them into GW1 vectors for mammalian expression.

2.2

Results and Discussion
To explore the redox dynamics of the ROS selective biosensors, two variants of the

Grx1 conjugated redox sensor (Grx1-roGFP2-0GG3-mApple/mCherry) were treated with
excess of 10 mM oxidized and reduced glutathione and steady-state fluorescent spectra
was taken. Both mutations exhibit significant reduction in the excitation and emission
spectra. With the Grx1-roGFP2-0GG3-mApple variant we treated the biosensor with 10
mM oxidized and reduced DTT as well as with 1 mM oxidized and reduced glutathione.
To begin, 1 mM glutathione condition was read and then the concentration was brought to
10 mM glutathione (oxidized and reduced). Under the 10 mM condition attenuation in
signal and unexpected spectral readout was observed, compared to the expected behavior
of the sans grx1 sensor which is observed in the 1mM glutathione conditions. For the
mCherry version of this sensor, we have only run the experiments at extremes with 10 mM
glutathione. It is observed, within the emission spectra at the 400 nm excitation wavelength
it appears that there is a red emission readout that is equivalent to the roGFP2 peak.
Interestingly at the 490 nm excitation wavelength there appears to be only a red emission
readout at the 610 nm peak with no residual roGFP2. This could be very promising however
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more studies need to be conducted to fully understand how the addition of the Grx1 protein
has altered the dynamics of the fluorescent protein biosensor. The Orp1 addition has
confirmed sequencing however has yet to be expressed and purified.
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Figure 2.1 Preliminary Glutathione Sensitivity With Grx1- Addition
Steady-State Fluorescence for Grx1-roGFP2-0GG3-mApple (Red Emission: 592 nm) and
Grx1-0GG3-mCherry (Red Emission: 610nm) exciting at the 400 and 490 nm wavelengths.
Green emission for the sensor should be around that of roGFP2 at the 525 nm wavelength.
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2.3

Methods
MATERIALS: All chemicals, cells, and media reagents were purchased from

Qiagen, ThermoFisher Scientific, Sigma, and Formedium.

2.3.1

Molecular Biology
As previously reported10, standard molecular biology, bacterial cell protein

expression, and nickel affinity purification protocols were conducted. To improve the
Redox sensing specificity of the sensor, Grx1 and Orp1 were added to the best performing
sensors roGFP2-0GG3-mApple and mApple-0GG4-roGFP2 respectively. The mutation of
Grx1-roGFP2-0GG3-mCherry was an accidental and serendipitous mutation The
hexahistidine-tagged protein sensors were expressed in the pRSETB bacterial expression
vector. Template plasmid constructs expand upon those made previously in the lab, with
the original plasmids distributed via Addgene.

2.3.2

Protein Expression and Purification
The two best ROS FRET sensors, with glutathione and hydrogen peroxide

specificity, were expressed in Escherichia coli BL21 (DE3) cells in auto-induction media
(AIM) with 100 μg/ml carbenicillin for twelve to sixteen hours at 37οC and then twentyfour to forty-eight hours at room temperature. Bacterial cell cultures were shaken then
entire time in baffled flasks to ensure proper oxygenation and chromophore maturation.
After incubation, cells were lysed utilizing lysis buffer (binding buffer, lysozyme, TritonX, and PMSF), three freeze-thaw iterations, and sonification. Bacterial cells were pelleted
at 10,000 x g for thirty minutes at 4οC and the supernatant was loaded into the injection
loop of a GE AKTAprime plus system for nickel affinity chromatography using a
HiTrapTM Chelating HP column, per manufacturer’s instructions. Protein fractions
determined through the UV-LC AKTA system, were collected and tested for fluorescence
on a Biotek Plate Reader before desalting with a Slide-A-Lyzer cassette at 4οC in 1x storage
buffer overnight and 1x storage buffer with 5 % glycerol for 4 hours. Protein concentration
was determined through chromophore denaturation with 2.5M NaOH.
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2.3.3

Protein Characterization
For all steady-state spectroscopy experiments, Ni-NTA purified protein was

diluted to 1 μM concentration in 75 mM HEPES, 125 mM KCl, 1 mM EDTA, pH
7.0−7.3. The diluting solution was degassed under vacuum and bubbled with argon gas.
Grx1-roGFP2-0GG3-mApple and Grx1-roGFP2-0GG3-mCherry was incubated for 1
hour with 10 mM reduced DTT, oxidized DTT, glutathione, and oxidized glutathione
before taking spectral scans. Grx1-roGFP2-0GG3-mApple was measured without
addition of any oxidizing agent, then was treated with 1 mM glutathione and was
increased to 10 mM glutathione after measurements were taken for each condition.

2.3.4

In vivo Experiments

BL21 bacterial cells expressing the fluorescent biosensor were spun down, washed, and
resuspended in M9 imaging media. 100 μL of cells at 0.6 OD were analyzed on a Biotek
plate reader and exhibited all the characteristic excitation/emission readouts of the purified
protein.

2.4

Future Directions
We aim to SEC purify both the mCherry and mApple variant of the glutathione

specific ROS FRET sensor to better characterize the unanticipated spectral properties when
analyzed in extreme excess of glutathione. It is significant to note that these sensor variants
behave as expected in excessive amounts of DTT (oxidized and reduced) as well as without
any sort of oxidizing or reducing treatment. We will also begin characterizing the Orp1
variants of our ROS FRET biosensors to see if the addition effects the spectral properties
of the new mutant. Lifetime characteristics of these sensors will be explored in the same
fashion as previously described for the second-generation ROS FRET sensors.
These sensors will also be put into mammalian expression vectors and transfected
into neuronal cell lines co-cultured with astrocytes to better understand oxidative stress
dynamics of glutathione as well as hydrogen peroxide. I envision that the 2-photon
experiments would be conducted on the specific ROS FRET sensor variants as well to
explore their viability in deep tissue experiments within living animals.
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